Background: There is a gap in knowledge about the mechanisms of sports-related brain injuries. The objective of this study was to determine the mechanisms of brain injuries among children and youth participating in team sports.
Introduction
Participation in sport is a valuable contributor to physical and mental well-being [1] ; however, involvement in many sports is also associated with an increased risk of brain injury [2] . This is particularly concerning for children and youth, who are at risk of long-term cognitive deficits following sports-related traumatic brain injury [3] . There is a relatively high rate of youth sport participation and sport-related brain injuries [4] , and currently there is no definitive treatment to ensure complete recovery.
Existing literature concerning paediatric team sports head injury prevention is incomplete, as most is targeted towards a few sports, including ice hockey [4] [5] [6] [7] [8] . Furthermore, literature that includes other sports has not identified key mechanisms of injury [9] , or if mechanisms were addressed, it has been limited to a single Canadian province [10] , sport [11] , or league/institution [12] . A better understanding of brain injury mechanisms across sports is needed. This study provides a comprehensive comparative analysis of injury mechanisms across different sports amongst a large population of children aged 5-19 years. The objective of this study was to provide descriptions of team sport brain injury mechanisms in Canadian children and youth.
Methods
Ethical approval was granted by the Research Ethics Board at St. Michael's Hospital, Toronto, Canada. This study utilized deidentified, administrative data and the ethics committee approved the waiver of consent.
In 1990, the Canadian Hospitals Injury Reporting and Prevention Program (CHIRPP) was developed as an emergency department (ED)-based injury surveillance system [13] .CHIRPP currently operates in the EDs of 11 paediatric and 4 general Canadian hospitals. CHIRPP provides information such as what the patient was doing at the time of injury, injury cause, when and where the injury occurred, and the age and sex of the patient.
ED staff report open-ended details regarding the nature of injury and fixed-choice details on the injured body part and treatment. The validity of CHIRPP has been previously established [14, 15] .
The CHIRPP database (1990-2009) was searched for individuals 5-19 years old who presented with a brain injury (''minor closed head injury'', ''concussion'', ''intracranial injury'') while participating in ice hockey (hockey), soccer, American football (football), basketball, baseball, or rugby. Ringette and lacrosse were excluded because of the paucity of players and brain injuries. The extracted variables included age, sex, year, team sport, treatment (admitted/non-admitted), context (informal versus organized), a narrative description of the injury mechanism, and postal code. Sport context was categorized by organized and informal sport. Informal sport was defined as sport that was not regulated by third-party individuals including referees, coaches, or teachers. In contrast, organized sport was defined as sport in a setting in which formal regulation by a referee, coach, or teacher was present. Postal codes were used to determine community type (rural versus urban) [16] . Specific mechanisms of injury codes were developed by two research assistants (e.g.; ''checked into boards from behind'' or ''hit by pitch while batting''). The specific mechanism of injury was then coded for the first 200 cases for each sport independently by the two research assistants using the developed coding list based on the narrative descriptions provided for each case. After establishing inter-coder agreement, the two research assistants applied the resulting codes to the remaining cases. Once coding was complete, proportions of injuries attributable to the specific mechanistic codes were determined. These specific mechanistic codes were also categorized into one of five categories: 'struck by player', 'struck by object' (in the environment i.e., net, post), 'struck by sport implement' (i.e., ball, stick), 'struck (playing) surface', and 'other'.
A descriptive analysis was conducted where normally distributed continuous variables were presented as means and standard deviations and dichotomous and polychotomous variables presented as proportions with associated 95% confidence intervals [17] . A chi-square test was performed to determine if there was an association between community type and sport context. Results were stratified by sport, sex, age group (5-9, 10-14, and 15-19 years), and helmet use. Helmet use data was analyzed for ice hockey, football, and baseball. Inter-coder reliability was evaluated by calculating chancecorrected Cohen's Kappa values [18] .
Results
A total of 12,799 team sport brain injuries were identified (16.2% of all CHIRPP reported brain injuries). Hockey accounted for the majority of brain injuries (Figure 1) . Overall, 81.4% of the injured players were male and the mean age was 13.2 years (SD 2.8). Each sport had specific months where injuries peaked ( Figure 2 ). Half of all brain injuries occurred during the fall/winter season (October-February: 51.3%), while fewer occurred during the summer (June-August: 13.6%). The highest proportion of brain injuries occurred on weekends (Saturday: 18.2%; Sunday: 17.8%). Approximately half of all brain injuries presented between 16:00-22:59 (52.1%). Informal team sports had a peak in the number of brain injuries during the early afternoon and evening; conversely, organized sports had the most number of brain injuries in the early evening ( Figure 3 ). Almost all brain injuries occurred in urban areas (92.2%). Similar proportions of injuries were seen in organized and informal settings within each community type (rural informal: 23.8%; rural organized: 76.2%; urban informal: 25.9%; urban organized: 74.1%; x 2 = 2.02, p = 0.16). The proportion of injuries caused by striking another player increased as players aged ( Figure 4 ).
Ice Hockey
Ice hockey accounted for 5675 (44.3%) of all brain injuries (Table 1) with most occurring among 10-14 year-olds. Being struck by another player was the predominant mechanism (Table 1) 
Football
Football was the third leading cause of brain injuries (N = 1,651, 12.9%; Table 1 ) with most occurring among 10-14 year-olds. Striking another player was the main mechanism of injury (Table 1) . Specifically, tackling was the predominant mechanism and increased with age. The second most common mechanism was non-tackling collision/contact with other players and also increased with age, particularly head-to-head/body collisions among 15-19 year-olds (males: 25.3%, 95% CI: 22.1, 29.4; females: 12.5%, 95% CI: 8.4, 33.5). Injuries due to striking an object in the environment were most frequent among 5-9 yearolds (Table 1) . Helmet use increased from 12.5% (95% CI: 8.8, 21.6) among 5-9 year-olds to 57.5% (95% CI: 53.6, 61.6) among 15-19 year-olds. Regardless of helmet status, being struck by a player was the most common mechanism (Table 2) .
Basketball
Basketball resulted in 1,482 (11.6%) brain injuries (Table 1) with the greatest number occurring among 10-14 year-olds. The proportions of injuries due to collision/contact with other players increased with age, especially elbowing (5-9 year-olds: 0%; 15-19 year-olds: 11.2%, 95% CI: 8.9, 15.1). Striking an object in the environment occurred most often among 5-9 year-olds (Table 1) .
Baseball
Baseball resulted in 835 (6.5%) brain injuries (Table 1) 95% CI: 21.5, 32.7; females: 28.3%, 95% CI: 20.0, 45.3). The proportion of brain injuries caused by player collisions increased with age, but only 0.6% of brain injuries were a result of sliding collisions. Overall, 6.7% of players wore a helmet, and helmet use increased to 15.2% of 15-19 year-olds. Being struck by an implement was the most common mechanism among helmeted and non-helmeted players (Table 2) .
Rugby
There were 721 (5.6%) brain injuries in rugby (Table 1) with most occurring among 15-19 year-olds. Striking another player was the main mechanism of injury ( Table 1) . More specifically, the main mechanisms in this age group were being tackled or tackling another player (males: 48.5%, 95% CI: 43.7, 53.9; females: 51.7%, 95% CI: 45.0, 59.4), head-to-head collisions (males: 10.2%, 95% CI, 7.9, 14.3; females: 7.3%, 95% CI, 5.1, 13.3 ), and head-to-knee collisions (males: 9.1%, 95% CI, 7.0, 13.0; females: 5.1%, 95% CI, 3.5, 10.6).
Reliability
Cohen's Kappa values calculated for each sport were greater than 0.87 (range: 0.87 to 0.95) and interpreted as almost perfect agreement [19] . 
Discussion
The majority of team sport brain injuries occurred among males, between October and February, and among hockey players (likely due to the high participation in Canada). A large number of individuals who suffered injuries in informal sports injuries presented to the ED in the early afternoon. This may be due to injuries sustained on the school yard during recess and after school. In hockey, checking into the boards and falls were the most common mechanisms for players older than and younger than 10 years old, respectively. Soccer-related injuries among older players were characterized by player collisions and kicks to the head, while younger children tended to be struck by an object in the environment (e.g., goal post). In football, tackling was the predominant mechanism and similar findings have been observed elsewhere [12] . In basketball, proportions of injuries due to player collisions/contact including elbowing increased with age. In football and basketball, younger players tended to strike fixed structures. In baseball, the main mechanism was being struck by the baseball or bat. Injuries suffered by 5-9 year-olds were characterized mainly by being hit by the bat, often because of standing too close to the batter. Rugby was mainly characterized by player collisions. Our research provides a baseline level of understanding for mechanisms of injury and highlights important areas of concern for the prevention of team sport-related brain injuries. Body checking has previously been identified as a risk factor for ice hockey injury [4, 20, 21] . We found that it was specifically checking into the boards that caused the greatest proportion of brain injuries, and that 10% of brain injuries were caused by checking into the boards from behind. This is despite rules prohibiting this action for the past twenty years. Our results support increased efforts to completely remove checking from behind. Leagues that disallow body-checking have demonstrated a significant reduction in injuries, and our findings further support the idea that making these manoeuvres illegal has the potential to reduce injuries [20] . In soccer, enforcement of stricter penalties for high kicks may reduce the frequent number of injuries due to kicks to the head. Similar efforts to reduce player-to-player intentional contact in football, rugby, basketball and soccer may also provide benefit.
Education is an important component of a multifaceted approach to injury prevention in sports. Such education should not only manifest itself as general information about brain injury, but also include very sport-specific messaging that addresses the common mechanisms of brain injury in specific sports. This education should be mandatory to participate in the organized sport and be aimed at players, coaches, trainers, officials, and parents at all levels. Furthermore, education can also aim to support rule changes in sports that may help to reduce injuries such as reducing body checking [4] . Skill improvement such as teaching younger hockey players proper skating technique could diminish fall-related brain injuries. In soccer, education about high kicks, scissor kicks, and heading the ball in close proximity to other players should be key targets for education. In baseball, education around creating safe distances from a batter, and mandatory helmets, especially for younger players is important. A systematic review in rugby shows that such educational efforts should be universally mandated and be combined with other efforts such as rule changes to be most effective [22] .
Equipment and environmental changes are important avenues for prevention of youth brain injuries. Proper and mandatory universal helmet use and properly supervised no-stand zones for young and recreational baseball players hold significant promise for injury reduction. Making all goal posts and fixed structures in the vicinity of playing surfaces padded and mobile so as to lessen impact forces could reduce brain injury in soccer, basketball, and possibly hockey as well. In rugby, mouth guards and headgear are of limited benefit in reducing neurological injuries [22] ; more research is needed to determine whether head protectors would reduce brain injuries in soccer and basketball. We found that helmeted and non-helmeted players were injured by similar mechanisms in ice hockey, football, and baseball, suggesting that other modalities of prevention need to be instituted in addition to personal protective equipment.
Implications
Our results provide a basis for the modification of existing programs to incorporate multifaceted approaches addressing universal rule changes, safer playing environments, personal protective equipment use, education and economic programs. Some states have introduced laws to mandate such changes [23] , but this strategy's effectiveness has not been evaluated. Economic incentives, such as improved insurance rates for sports with improved safety, should also be explored. As brain injury occurrence comes to greater public awareness, lawsuits that demand accountability from organizations and leagues will create pressure for change. Monitoring systems for the frequency/pattern of injuries should be implemented at a national or provincial level. Independent bodies that can monitor brain injury rates and efforts to reduce them should be established at the national or provincial level of all organized sports. Such bodies should be accountable to a higher level of national audit and have the authority and resources to implement changes to make that particular sport as safe as possible for as many participants as possible. Further research is needed to understand the mechanisms of traumatic brain injury in sports.
Limitations
This study had several limitations. Firstly, the total number of youth playing each sport was unavailable thus sport, sex, age, or mechanism-specific injury rates were not calculated. As of 2010, Statistics Canada reported that there were 5 616 700 children in Canada aged 14 and under [25] . The Canadian Fitness and Lifestyle Research Institute found that in the year between March 2010 and April 2011, 38% of Canadian children aged 5-17 played soccer within the last year, followed by hockey/ringette (23%), swimming (17%), basketball (15%), and baseball (10%) [24] . This means that roughly 2 000 000 played soccer, 1 300 000 played hockey/ringette, 840 000 played basketball, and 560 000 played baseball in 2010. This indicates that many children are at risk for suffering sport-related traumatic brain injury and that appropriate understanding of how they are getting injured is important to prevent these injuries. In this regard, more consistently available information on sports participation is essential to aid future research. This information can help with calculating injury rates but also aid in injury surveillance and the evaluation of injury prevention strategies.
The CHIRPP database is limited to brain injuries presenting to EDs so any injuries that did not present to the ED would have been missed. Fatal injuries were also not included in CHIRPP, but pediatric sport-related fatalities are rare [26] , and a recent paper has further demonstrated the representativeness of CHIRPP for injury profiling [27] . Additionally, the mechanism of injury was provided in a text field and had to be coded by two individuals. Some narratives where unclear; however, the individuals consulted each other on unclear cases. A descriptive analysis was performed without multivariate modelling; however, the results were stratified by age groups and sex. Although there may be residual confounding by age group since the effect of exact age was not examined, previous papers have stratified by age as we did in the current paper [10, 11] .
Additionally, there may certainly be differences depending on the position being played; however, positional information was not consistently available in CHIRPP. As a result, we were unable to resolve these differences in this study. Future studies should focus on differences in the frequencies, proportions, and severity of injuries sustained in varying positions within specific sports.
Conclusion
This study is the first to comprehensively analyze mechanisms of injury of pediatric team sports brain injuries. Intervention should be aimed at educating players, the public, and sport organizations about the most common mechanisms of injuries. Differences in mechanisms across sports and ages should help tailor future prevention efforts. Ultimately, a multifaceted approach in all sports holds promise for prevention of brain injury.
